Understanding the mechanisms that govern the expression of genomes is one of the major challenges of the post-genomic era. Phylogenetic footprinting, which identifies genomic regions under evolutionary constraints, has proven helpful in finding cis-regulatory elements of transcription; however, this method may not be applicable across all evolutionary distances and for all types of genes. Recent results from vertebrate comparisons indicate that strong conservation of cis-regulatory regions may occur more frequently in developmental regulator genes. This paper reviews methods of identifying conserved regulatory elements of developmental genes by comparative genomics, including new attempts to detect conserved features beyond simple sequence similarities. The results obtained are outlined and the authors comment on their functional and evolutionary implications. Finally, an evaluation of currently available methods of characterising the function of presumed conserved regulatory regions is presented, and problems such as promoter compatibility, assigning distant elements to their cognate genes and multifunctionality of elements, discussed.
INTRODUCTION
Research over the past 25 years has explored the genetic basis of animal development, and entire genome sequences are now available for a wide range of model organisms (Table 1) , [1] [2] [3] [4] [5] [6] [7] providing an opportunity to study the genetic interactions taking place during embryonic development on a global scale. Such studies face enormous practical difficulties, however, due to the large amount of unprocessed data now available. There are reasonably good tools on hand to predict regions of the genome that correspond to proteincoding genes, but it is less clear which parts of the genome are being transcribed. Also, very little is known about which regions are involved in the regulation of transcription or which regions fulfil structural functions in the chromosome. The fast-developing discipline of comparative genomics promises to be of great help in the annotation of genomes. Based on the principle that functional regions in genomes are maintained by selection and are, therefore, less subject to random mutational change since the last common ancestor of the species compared, islands of conserved sequences can be identified and used as candidates for further structural and functional analyses. Such 'phylogenetic footprinting' 8 can provide efficient tools for delineating regions of functional importance in genomic sequences. Comparative genomics has been used to annotate and estimate the number of protein-coding genes, revealing genes or exons that had not demonstrated by current gene prediction programs. 7, 9, 10 It has also demonstrated that, frequently, a high degree of conservation is found in regions outside of the protein-coding genes, corresponding to non-proteincoding transcribed sequences and regions of regulatory or structural importance. 3, [11] [12] [13] [14] This review focusses on the use of comparative genomics for the identification of cis-acting regulatory elements in developmental genes and current tools for their functional analysis.
WHAT ARE DEVELOPMENTAL GENES?
While there is no generally accepted definition of a developmental gene, the term is commonly used to describe those genes that have an important function in generating and structuring complexity during the development of the multicellular organism. To a large extent, this is achieved by temporally restricted expression of protein-coding genes in restricted sets of cells/tissues, resulting in the emergence of regional identity and specialised cell fates. This differential expression is regulated by transcription factors ('selector genes' 15 ), whose function is coordinated by intercellular signalling mechanisms. Thus, at the molecular level, developmental genes encode example transcription factors and signal transduction pathway components assigned to have developmental function. For a practical definition, the Gene Ontology nomenclature and database provides a comprehensive and standardised set of annotations of biological processes, including that of regulation of development for searches for relevant genes in sequence databases (http://www.godatabase.org).
One common feature of developmental genes is that they are often highly conserved in their coding sequence, and the encoded proteins of distantly related species frequently carry out very similar tasks. A prime example is the pax6 gene, which is involved in the development of the eye in such divergent systems as the fruit fly (Drosophila melanogaster) and mammals. 16 Developmental genes tend to possess highly conserved expression patterns among distantly related phylogenetic groups and they probably possess cisregulatory elements that are themselves
Developmental genes tend to be conserved in their coding sequences and expression patterns among distantly related phyla 17 This initial observation led to the suggestion that the sequencing of the compact fugu genome would be particularly useful for comparative analysis of vertebrate genomes and the identification of conserved regulatory elements.
PREDICTION AND IDENTIFICATION OF THE REGULATORY STRUCTURE OF DEVELOPMENTAL GENES
A major concern regarding the use of phylogenetic footprinting for identification of cis-regulatory elements is whether sufficient knowledge is available about such regulatory elements for accurate predictions; in other words, does one know enough about what one is looking for? The regulatory organisation of developmental genes -like that of most polymerase II (Pol II) transcribed genes -shows immense variety and tremendous complexity of regulatory modes that have only been deciphered systematically and mechanistically for a very small number of developmental genes, for example in Ciona intestinalis 18 and Strongylocentrotus purpuratus.
19,20
Cis-regulatory elements do not have stringent directional, positional and compositional constraints, such as those seen in the case of coding exons, which makes their automated detection by bioinformatics tools considerably more difficult than that of coding sequences or even splice sites.
Best defined among the regulatory elements are the core or basal promoters, which are located about 50-100 base pairs (bp) up-or downstream of the transcriptional start site and which are required for the formation of preinitiation complexes for subsequent transcription initiation. 21 Prediction of core promoters is still not a trivial task, due to the temporary lack of experimental verification of transcriptional start sites for most genes and the diversity of promoter types. For example, the TATA box, 21 which was believed to be a common feature of core promoters, is now confirmed to be present only in a few per cent of all Pol II genes in humans. 22 The remaining promoters that are TATAless may contain other, as yet not fully explored, promoter structures such as SP1, NRF-1 binding sites and Clus1 sequences 22 or downstream promoter element (DPE). 23 Proximal promoter sequences tend to be relatively short sequences, up to a few hundred bp, around the core promoter, with variable presence of several transcription factor binding sites, such as the CAAT box. Phylogenetic footprinting allows for the prediction of core and proximal promoters with some success, although its overall efficiency is, as yet, unclear. A recent analysis of mouse and human promoters on a larger scale identified conserved blocks to be located within 500 bp from the start site, thereby defining the likely 59 limit of proximal promoters. 24 Interestingly, transcription factors and brain-specific genes were found to have shorter conserved blocks than other genes. 25 Cis-regulatory modules (CRMs) -such as enhancers 26 -are the main targets of phylogenetic footprinting applied to developmental genes, since tools for their functional analysis are relatively well developed compared with other conserved non-coding sequences. They often regulate a discrete aspect of the activity of basal promoters in specific cell types and at particular times in development. These elements are typically up to 300 bp long, contain a series of transcription factor binding sites Diversity of promoters and cis-regulatory modules complicates their identification to enable the formation of protein complexes (enhanceosomes) around them and may integrate several signalling inputs received by the cell. Enhancers are traditionally defined by their ability to recapitulate an aspect of the endogenous gene activity when linked to a reporter gene in a position-and orientationindependent manner. 27 They may reside far away from the proximal promoter region in both directions (usually several kilobases); in some extreme cases, even 1 to several megabases (Mb) away from the locus they regulate.
28 Some CRMs may function as 'silencers' that negatively modulate transcription activity. 29 The complex expression patterns of developmental genes are regulated by a multiplicity of scattered CRMs and alternative core promoters (see example in Figure 1 ).
Boundary and insulator elements constitute another class of cis-regulatory elements. They are able to inhibit distant enhancer effects on core promoter regions or block the spread of the non-transcribed heterochromatin, 30 they may also be conserved between distantly related clades. 31 Insulator function has also been attributed to some matrix attachment regions (MARs). 32 It has been suggested that up to 11 per cent of non-coding conserved sequences between mouse and human contain MARs, 33 and more than half of all predicted MAR sites occur within conserved regions. MAR sequences may coincide with other cisregulatory elements, however, which makes it difficult to decide which function is responsible for the sequence conservation. 34 Finally, a role in the regulation of alternative splicing has been suggested for intronic sequences that are highly conserved between mouse and human and that are close to alternatively spliced exons. 35 They may form secondary structures that are important for the regulation of the splicing machinery, 14, 35 but, to date, no systematic data are available that test this hypothesis.
PHYLOGENETIC FOOTPRINTING METHODS -HOW CAN SEQUENCE CONSERVATION BE DETECTED?
Several excellent recent reviews cover bioinformatics methods for phylogenetic footprinting, [36] [37] [38] [39] [40] and the reader is referred to them for details. An overview of the different methodological approaches used to find conserved regulatory elements in developmental genes is presented here.
Sequence alignment tools
Many commonly used programs for phylogenetic footprinting rely on sequence alignment algorithms which follow two broad strategies: The local alignment tools (such as BLASTZ 41 ) look for short stretches of similarity between the sequences to be compared, which are then extended; whereas global alignment tools (like LAGAN 42 ) search for best alignment over the entire length of the sequence using local similarities as anchors. A recent addition to LAGAN also allows for the detection of inversions between the two compared sequences (shuffle-LAGAN 43 ). Results of these alignments are usually displayed by graphical tools such as PipMaker 44 or VISTA, 45, 46 which will indicate conservations above certain threshold levels. The different designs of global and local alignment algorithms predict different capabilities of detection of conservation, but few attempts have been made to evaluate their capacities systematically. A recent study, 47 ,48 using simulated divergent sequences based on evolutionary parameters from the drosophilids, concluded that global alignment tools have a higher sensitivity, whereas local tools perform at a greater specificity and are the method of choice for recovering only the conserved blocks. The DiAlign tool 49, 50 already allows for both local and global output modes. Another point to take into consideration when choosing a particular program is that many algorithms have been optimised
Global alignment tools have a higher sensitivity, but lower specificity than local methods for specific species comparisons (eg BlastZ for human-mouse, WABA 51 for Caenorhabditis elegans-C. briggsae), and may, therefore, not perform as well with other species. In some cases, 52 parallel comparisons of multiple species ('phylogenetic shadowing') have proven useful for element detection, especially between more closely related species, and tools that allow such comparisons to be made are becoming available. 42, 49, [53] [54] [55] [56] [57] [58] For several species, notably humanmouse, human-rat and human-fugu, global genome alignments have been computed that can be browsed online. 41, 51, [59] [60] [61] [62] Such comparisons have provided important insights into genome organisation and evolution, notably by revealing the large amount of non-coding sequence that appears to be conserved between certain species (see below).
Transcription factor-binding site conservation
Besides simple sequence conservation, other features have been used for the identification of regulatory sequences. To study the regulation of genes involved in embryonic patterning of Drosophila, programs have been applied that search whole regulatory modules by looking for clusters of transcription factor-binding sites, either of one type [63] [64] [65] or of several co-occurring sites. [66] [67] [68] [69] [70] [71] The clusters are identified by searching the genome with consensus sequences or the more flexible positional weight matrices, which include information about the frequencies of different nucleotides in different positions of the binding site. Such information can be found in transcription factor-binding site databases, which are either commercially available (like TRANSFAC 72 ) or provide open access (JASPAR 73 ). In a very recent study, 74 Berman et al. demonstrated that the predictive value of such clustering approaches could be enhanced significantly by incorporating certain sequence conservation criteria. Approximately half of the predicted enhancers from their previous study 66 did not appear to have enhancer activity when functionally tested in embryos. When conservation of binding-site clustering was considered between D. melanogaster and D. pseudoobscura, however, 95 per cent of the enhancers could be determined correctly as functional or non-functional. Eighty per cent of the binding sites of the functional elements were conserved, as opposed to only 40 per cent in the nonfunctional elements. These data on binding site conservation within drosophilids fit well with earlier data from human-mouse comparisons of regulatory regions of muscle-specific genes, where 98 per cent of experimentally defined binding sites were found to be confined to conserved sequence regions that were determined by aligning highly conserved ungapped sequence blocks. 75 This suggests that binding site conservation may not only be a phenomenon of developmental genes and may be applicable in vertebrate as well as invertebrate systems.
The inclusion of comparative information in an extension to the Ahab algorithm, Stubb, has also been shown to improve the prediction of regulatory modules, as assessed by their proximity to genes with blastoderm-patterned genes. 76, 77 Ahab uses a thermodynamic model of transcription factor binding that requires no cut-off value and thereby also detects clusters of weak sites. 70, 71 To evaluate putative binding sites in conserved blocks of sequence, Stubb additionally applies a probabilistic model of binding site evolution that raises the scores of strongly conserved weak sites and lowers scores of weakly conserved strong sites. Binding sites of early developmental genes conserved between D. melanogaster and D. pseudoobscura seem to have a tendency to maintain the exact sequence composition, 78 and a recent functional study in nematodes provides evidence that such conservation properties are indeed related to function. 79 Through functional studies of C. elegans and C. briggsae, a degenerate 16 bp motif was identified in genes expressed in AIY interneurons. To search entire genomes for further genes containing the AIY motif, a software package (CisOrtho 80 ) was developed; this evaluates the co-occurrence of motifs in orthologous regions and ranks them according to best fit to the search sequence positional weight matrix. Ninety-four per cent of tested regulatory regions containing motifs from the top 26 of the ranked list directed expression of a reporter gene in the AIY neuron. The orthology conservation criterion strongly improved the sensitivity of this method, 68, 87 -which seem also to be retained between species when overall sequence similarity is low. 68 It will be interesting to see whether incorporation of signature models into search algorithms can improve their prediction quality further, as some earlier studies suggest. creating a 'regulatory potential score' for such sequences. These models take into account the alignment context and were derived from known regulatory regions from mammals. It remains to be seen whether they may be applicable to types of regulatory elements that were not included in the training set and to nonmammalian species.
To identify novel binding sites in early embryonic regulatory genes of Drosophila, motif discovery programs developed for functional genomics have been applied to the regions found by binding site clustering approaches. 64, 67 These programs identify stretches of sequences overrepresented in regulatory regions of coregulated genes. Halfon et al. 67 aligned the cluster elements with the motif discovery program, AlignACE, 94, 95 and filtered the identified motifs by retaining only those motifs which were conserved between D. melanogaster and D. pseudoobscura in the enhancer that provided the model for the cluster search. Four of the five binding sites used in the initial search were thereby recovered and ten other motifs identified, including a functional POU/OCT1 transcriptional repressor binding site. There is still a lack of systematic evaluation, however, concerning whether this cross-species validation would decrease the rate of false-positive predictions when compared with non-conserved AlignACE motifs. As
Algorithms that identify short conserved blocks may help to discover novel transcription factor binding sites more algorithms for motif detection that take into account phylogenetic conservation (eg PhyloCon, 96 CompareProspector, 97 Footprinter 98 ) become available, it will be interesting to see them applied to developmental problems.
A HIGH PERCENTAGE OF EVOLUTIONARILY CONSTRAINED GENOMIC SEQUENCE IS NON-CODING AND OFTEN CONTAINS CIS-REGULATORY ELEMENTS
Large-scale sequence comparisons have shown that sequence conservation outside coding regions is a common phenomenon. From human-mouse comparisons, 5 per cent of the human genome has been estimated to be under selective constraint; 3 however, coding sequences only occupy 1.5 per cent of the genome and can therefore not account for the remaining 3.5 per cent. 3 Moreover, a survey of conserved elements on chromosome 21 concluded that 63 per cent of the non-coding conserved regions lack any evidence of functional transcription. 11 These nontranscribed segments appear to be significantly more conserved than protein-coding genes or non-coding RNAs. 99 Conservation in sequences can reach extreme levels: Bejerano et al.
14 describe 'ultraconserved' sequences longer than 200 bp that are 100 per cent identical between orthologous regions in human, mouse and rat -and more than half of them do not correspond to transcribed sequences. Conservation of these elements also extends across the vertebrate clade to teleosts: 67 per cent of them align at an average 78 per cent identity with the Takifugu genome.
Conserved non-coding sequences may exist due to the low rate of change in a given chromosomal segment without functional constraints, especially when relatively closely related species are compared; however, conserved blocks of non-coding sequences often represent functionally important domains that share conserved function. A large proportion of them may consist of non-coding RNAone estimate argues for the existence of as many non-coding RNAs as proteincoding RNAs. 100 Conserved non-coding RNAs include antisense regulatory RNAs, microRNA sequences 101 that regulate developmental genes. For example, miR-196 resides in the mammalian HOX clusters, blocks the translation of HOXB8 and has conserved homologues in fish and frogs. 102 As outlined above, conserved regions may also include chromosomal structural elements or regulatory sequences for splicing and other post-transcriptional modifications.
Perhaps the best-examined function of conserved non-coding sequences is the cis-regulatory activity for transcription of coding RNAs, the numerous cases of successful identification of regulatory elements through this phylogenetic footprinting approach would fill long lists. [103] [104] [105] [106] Systematic evaluation of the regulatory potential of conserved sequences compared with non-conserved sequences have been scarce, but an encouraging example is the functional study of regions of the apolipoprotein a genes that are conserved between several species of primates. 52 In a systematic deletion analysis, nine out of ten conserved regions were found to reduce the activity of the reporter construct by 25-55 per cent, whereas seven tested non-conserved regions reduced activity by only 4 per cent (with one stronger exception).
EVOLUTIONARY DISTANCE INFLUENCES THE EFFICIENCY OF CRM PREDICTION
The rate of divergence for neutrally evolving regions is 0.1-0.5 per cent per million years among vertebrates, potentially requiring large evolutionary distances for the detection of functionally A surprisingly high part of conserved sequences in mammalian genomes is non-coding conserved regions. 107 Therefore, an important factor in the efficiency of finding conserved cis-regulatory elements by phylogenetic footprinting is the choice of the species compared. 103, 105 Comparisons between mouse and human have the advantage of relatively close evolutionary distance (approximately 60 million years), with most of the functionally relevant binding sites placed in conserved blocks of similar sequences. 106, 108, 109 More global studies have confirmed conservation of binding sites between human and mouse in a reference set of 14 well-studied genes (68 per cent 85 ) and of sites from .3,000 proximal promoter regions (88 per cent 24 ). Due to the small evolutionary distance between mammals and the slow rate of neutral divergence among vertebrates, however, more non-coding sequences may retain sequence identity in crossspecies comparisons than actually play a regulatory role. 107 The use of genomic sequences of several classes of vertebrates with significantly longer evolutionary distance from mammals is now possible, including chick (300 myr), frog (approximately 350 myr) and four species of teleost fish (460 myr) 110 (see Table 1 ). Most of these model genomes are well suited for comparisons with mammals, as their last common ancestor existed between 300 million and 460 million years ago. The larger the evolutionary distance, however, the more likely it is that regulatory elements diverged and that fewer genes might show preservation of transcriptional regulation with less chance for detection of conserved cis-regulatory elements. 111 Even genes with conserved CRMs contain other cis-regulatory elements that have evolved at a higher rate and lack conservation. For example, the sonic hedgehog (shh) gene of zebrafish has four enhancers that drive different aspects of shh expression and show varying degrees of conservation with puffer fish and mouse (see Figure 1) . Similarly, of the three enhancers of pax2 conserved between mouse and human, only one appears to be conserved in Takifugu. 112 The nature (and number) of functional elements detected by sequence comparisons will depend greatly both on the species and the gene compared; no general rule seems to be applicable as to which species to use for a comparison. The question arises as to the precise functional difference, if any, between globally retained elements and other, more rapidly evolving, regions. It has been speculated that highly conserved elements form a special class of regulatory or structural elements that can act over large distances, 14, 113 but functional studies have yet to be carried out.
CONSERVED REGULATORY ELEMENTS: MORE COMMON AMONG DEVELOPMENTAL GENES?
Despite all the striking examples of cisregulatory element discovery by comparative genomics, evidence increases that enrichment for regulatory elements in conserved sequences may not be a general phenomenon that extends to all types of genes in distantly related vertebrates. For example, data compiled by Boffelli et al. 103 suggest that non-coding sequences conserved between fish and mammals occur mainly in developmental regulators; however, this enrichment for developmental genes could reflect investigators' biased interest in developmental genes, rather than a genuine correlation. Evidence against this view comes from a very recent study by Plessy et al. 114 which reports systematic analysis of the conservation of all experimentally validated murine enhancer sequences larger than 20 bp between the mouse and zebrafish genomes. Genes with enhancers conserved in zebrafish were significantly enriched for developmental regulators (all of which were transcription factors). Thus, at least some developmental genes appear to have special requirements for cis-regulatory elements of the same gene can show variable degrees of evolutionary conservation across clades Conserved zebrafish homologues of functional mouse enhances occurs more frequently in developmental genes their transcriptional control that lead to high conservation of their regulatory sequences throughout the vertebrate clade. In line with this, developmental and transcription-related genes apparently tend to be located in mutational 'cold' regions. 115 Interestingly, the genes close to the ultraconserved sequences described above are also enriched for regulators of transcription; and ultraconserved elements positioned in large intergenic regions or in introns additionally are frequently close to developmental genes, especially early developmental regulators. 14 Restriction of highly conserved cisacting elements to developmental genes may explain why several larger scale attempts at identifying functional regulatory elements through comparisons across vertebrates, regardless of the function of the examined genes, have returned only few conserved sequences. For example, Thomas et al.
111 compared 12 Mb of genomic sequence from human chromosome 8 across 12 vertebrate species, including three fish, and concluded that most non-coding conserved sequences are not retained in the human-fish alignments. Moreover, comparison of genomic sequences of a set of 45 genes expressed in the embryonic midline of the zebrafish with orthologous regions from Takifugu found conserved non-coding regions for only ten of them. 116 Many of the genes identified in this study are structural components of the axis or encode enzymes involved in maturation of collagens, and do not fit into the class of developmental regulatory genes. In addition, among the genes studied by Thomas et al., only one gene (WNT2) is a clear developmental regulator.
Thus, enhancer conservation across vertebrates might be a feature of developmental genes, which would support the strategy of using distantly related vertebrates for genome comparisons aimed at developmental CRMs.
CONSIDERATIONS FOR FUNCTIONAL ANALYSIS OF PUTATIVE CIS-REGULATORY ELEMENTS
Ultimately, predicted cis-regulatory elements of developmental genes need to be confirmed by functional tests. Gain of function analysis is commonly used, for example by measuring the effect of the regulatory element on the activity of reporter gene constructs in developing transgenic embryos or in cell culture systems. Loss of function analysis is also possible, either by carrying out deletion assays with reporter gene constructs in transgenic animals, or via generating mutations in the endogenous regulatory element using genetic tools. One important question is the choice of the model system in which the analysis is carried out. The species from which the predicted regulatory element comes is the best choice, as it provides the most similar environment to the endogenous cis-and trans-regulatory context; however, this species may not be available for experimental workfor example in the case of human or fugu. Since developmental genes often have very well-conserved functions, interspecific functional analysis may give very informative results; however, species-specific differences in expression patterns of developmental genes 117 indicate that even over short evolutionary distances, sufficient changes may occur to hamper the ability to reach conclusions from cross-species functional analysis results. To this end, gene expression pattern databases help in assessing and comparing patterns of developmental gene activity among vertebrates (Table 1) .
Transgenic analysis of regulatory elements in mouse is a routine technology, and the possibility of targeted mutations in regulatory elements of large genes 118 is one particular advantage of the mouse system over other vertebrate models. Generating transgenic mice is costly and labour intensive, however, so it may be Cross-species functional analysis of regulatory elements may be affected by speciesspecific functional divergence useful to replace the mouse model in cases where regulatory elements can be identified by comparison between different vertebrate classes, such as mouse-chick or human-fish. Several model systems are available that allow for cheaper, high-throughput analysis of regulatory elements. Recently, chick has been added to the list, mainly due to a practically-simple electroporation technique, 119 which allows tissue selective expression of reporter constructs, for example in the neural tube. One study successfully scanned the chick sox2 locus for CRM elements using this approach, and showed that the isolated enhancers fall into regions conserved between chick and mammals, which cannot be detected by intermammalian comparisons. 120 Thus, with the chick genome available, this classical developmental model system might experience a well-deserved renaissance in interest. Putative elements identified by comparisons across the vertebrate clade are probably functional in fish or frog embryos (with some functional divergence) and hence can be tested in these transgenic systems. 104, 121 Xenopus laevis has been tremendously useful for biochemical analysis of DNA-protein interactions during chromatin remodelling and gene regulation. 122 It is less frequently used for functional assays of conserved regulatory elements, but this might change soon as the closely related Xenopus tropicalis genome sequence becomes available (Table 1) , thus lending itself to comparative analysis. Zebrafish and medaka have long been favourites of developmental geneticists and are now attracting growing attention from genomics specialists too. The genomes of both fish species, together with the genomes of two species of puffer fish, further boost comparative analyses using teleosts. Both zebrafish and medaka have readily applicable and technically undemanding transgenic technologies. [123] [124] [125] The fish systems are particularly attractive for large-scale analysis of predicted regulatory elements, as in both species thousands of fast-developing, transparent embryos can be analysed for transient expression of directly injected reporter constructs within days from injection. 116, 126 In the future, the two fish species may also become useful in targeted loss of functional analysis of regulatory elements via TILLING, a screening technique which enables the screening of libraries of heterozygous fish derived from mutagenised founders for point mutations in the DNA sequence of interest by enzymatic cleavage and subsequent resequencing. 127 Which promoter should be used?
Reporter constructs for regulatory element activity generally contain a minimal or a truncated promoter driving an easily detectable reporter gene in conjunction with the cis-regulatory element under test. Ideally, the promoter of the cognate gene regulated by the ciselement should be used, but this may not be trivial when this gene is either unknown or the promoter is not accurately mapped. In such a case, the right choice of a heterologous promoter from the many different promoter types 21 is crucial, as the integrity and type of the core promoter selectively define interaction with distant cis-acting elements and, in extreme cases, the regulatory element may be incompatible with the chosen promoter. For example, enhancers were found to show different regulatory activity with TATA-less and DPE-containing promoters than with TATA-containing promoters. 128, 129 This observation may be explained by the differential ability of enhancer-binding proteins to interact with alternative protein complexes forming on the core promoter. 130 Which gene belongs to the regulatory element -Which element belongs to the gene?
A related problem is the difficulty of assigning a predicted conserved regulatory Promoter compatibility should be considered when choosing a mimimal promoter for reporter assays of regulatory elements element to its cognate gene. Dermitzakis et al. 113 observed that non-genic sequences conserved between human and mouse on chromosome 21 are randomly placed in intergenic regions and show no preference to be close to genes. The distance limit from regulatory element to its cognate gene is not at all well understood, and looping of chromatin over a 40 Mb length to sites of transcriptional activity has been demonstrated. 131 Bacterial or phage artificial chromosome vectors provide a technology for analysis of regulatory elements over large distances. Reporter genes can be inserted into large fragments of genomic sequence by RecA-mediated homologous recombination; transgenic zebrafish can then be generated to observe the expression of these constructs in vivo. 132 Homologous recombination can also be used to generate mutations and insertions in the reporter constructs in order to test their effects in the context of large pieces of endogenous sequence. 133, 134 It has been suggested that the border of the regulatory region of a gene may be predicted by analysing the breakpoints of syntenic fragments in multiple species comparisons. Conserved cis-acting elements required for fully regulated expression of the alpha-like globin genes were found to be within syntenic fragments in several mammalian genomes. 135 How far one has to expand the search for cis-regulatory elements of a given gene is complicated further by the fact that elements are sometimes embedded in intronic sequences of a flanking gene. A recent example is the gremlin limb specific enhancer, which sits in an intron of the formin gene and prompted reinterpretation of the function of the latter gene in limb patterning. 118 Furthermore, CRMs may be shared by several genes, as in the case of the Hoxb complex. 136 Unambiguous assignment of a cis-regulatory element requires targeted mutation-deletion analysis in the context of the genome and the whole organism. 118 Which function for which element?
The multifunctional nature of many regulatory elements complicates the design of experiments of functional analyses. The attribution of the gene expression result of an essay to a particular function in transgenic cells or organisms may not be trivial and may require several tests in different contexts. One example is the conserved C1 enhancer of the mouse Pax6 gene, which also functions as an alternative promoter for a second Pax6 transcript. 137 In another example, the promoter for one gene functions as an insulator for another gene, as shown for the aurora promoter of Drosophila, which is embedded in the specialised chromatin structure (SCS) insulator element of the 87A7 gene.
138,139
The functional evolution of regulatory elements
Cross-species analysis of conserved regulatory elements is crucial to the understanding of divergence in enhancer function between species. For example, in the case of the dlx5/6 bigene cluster, the conserved I56i enhancer from mouse targets expression of a reporter gene to the forebrain and branchial arch mesenchyme in transgenic mice, whereas the orthologous sequence from zebrafish directs expression only to the forebrain in both transgenic mice and fish, despite the very high degree of sequence conservation (81 per cent identity). 140, 141 In addition, subtle changes in the hoxc8 early enhancer sequences between baleen whales and mouse (4 bp deletion) resulted in a loss of activity in the posterior mesoderm of transgenic mice. 142 Those authors argued that this change might explain the modification of axial structures in baleen whales as a consequence of their adaptation to aquatic life. In other cases, sequences present in the CRM of one species may be co-opted for a different function in another species. A conserved region of the ngn1 gene from zebrafish is required for expression of a reporter construct in the lateral Distant enhancers can be assayed in artificial chromosome vectors Enhancers of their target gene can be embedded in introns of adjacent genes located far away telencephalic pallium of the mouse, whereas in the zebrafish it drives reporter gene expression in the diencephalon and hindbrain, but not in the telencephalon. Its activity is dependent on the Pax6 transcription factor, suggesting that an alteration in pax6 expression in the mammalian line 'recruited' this element for neocortex expression. 143 
FUTURE CHALLENGES AND QUESTIONS
An enigmatic and seemingly paradoxical evolutionary problem needs to be answered: why and how are ultraconserved regulatory elements maintained by evolution? The small size and degeneracy of transcription factor binding sites allows for the accumulation of substitutions within binding sites, but also for the independent emergence of new binding sites. 144 These new sites may relax the evolutionary constraints in previously essential sites and should lead to their loss without phenotypic consequences. 145 The exceptionally high degree of conservation in long stretches of sequences in the regulatory elements of developmental genes over 450 myr does not fit well into this model. CRMs of developmental genes may be less sensitive to mutational agents or, perhaps more likely, mutation repair mechanisms (possibly coupled to transcriptional activity) in these regions are qualitatively different and more rigorous, resulting in less 'erosion' than in other parts of the genome. Alternatively, these elements may possess an additional biological function other than association with CRM binding factors, subjecting them to further selective constraints. The answer to the above question may lie in systematic bioinformatic analysis of the highly conserved regulatory elements for common underlying patterns and in developing novel functional assays to detect interactions with other biomolecules (proteins, nucleic acids or others), and perhaps chromatin structures formed or influenced by these CRMs. This may pave the way to finding the reasons for the extraordinary survival of these 'living fossils' of genome evolution.
From the practical point of view, the technology for functional analysis of cisregulatory elements needs to be further developed to meet the increased demands of genomics. Large-scale analysis of predicted regulatory elements is yet limited by the time-consuming process of production of transgenic animals and by the technical difficulties of qualitative and quantitative reporter gene expression analysis. Attempts have been made to automate the latter, 146 to allow for rapid genetic screening for gene expression changes in living embryos using fluorescent reporter proteins. Alternative quantitative methods will be needed for the refined analysis of cis-regulatory elements in vivo. 147 A further challenge will be the development of prediction tools which distinguish different types of regulatory elements and RNA-coding sequences. In addition, among the open questions are the functions of conserved sequences that do not pass the currently known functional tests. 
